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Signaling classically involves the secretion of diverse molecules that bind specific cell-surface receptors and
engage intracellular transduction cascades. Some exceptions—namely, lipophilic agents—can cross plasma
membranes to bind intracellular receptors and be carried to the nucleus to regulate transcription. Homeopro-
tein transcription factors are among the few proteins with such a capacity. Here, we review the signaling ac-
tivities of homeoproteins in the developing and adult nervous system, with particular emphasis on axon/cell
migration and postnatal critical periods of cerebral cortex plasticity. We also describe homeoprotein non-
cell-autonomous mechanisms and explore how this ‘‘novel’’ signaling pathway impacts emerging research
in brain development and physiology. In this context, we explore hypotheses on the evolution of signaling,
the role of homeoproteins as early morphogens, and their therapeutic potential for neurological and psychi-
atric diseases.Introduction
Homeoprotein (HP) transcription factors are the products of
developmental genes discovered following the observation of
homeotic mutations, primarily in Drosophila. In these homeotic
mutants, a segment or part of a segment of the fly is replaced
by another segment, or a part normally found on another
segment, giving rise to the concept that homeotic genes are
endowed with positional information. For example, in the Anten-
napediamutant, antennas on the head are replaced by legs nor-
mally found on the second thoracic segment, as if the embryonic
cells on the head segment had misread their position (Garber
et al., 1983; Lawrence et al., 1983). The signature of HP tran-
scription factors is a highly conserved DNA binding domain 60
amino acids long called the homeodomain (HD). The part of
the gene encoding the HD is called the homeobox, a 180-nucle-
otide-long sequence that was used to identify a large number of
developmental genes, not all of them having a homeotic function
in the sense defined earlier in the case ofAntennapedia (Gehring,
1987). For example, Orthodenticle (Otd) has a homeobox but is
considered a gap gene because its mutation leads to the com-
plete loss of the anterior part of the fly and not to amorphological
transformation (Finkelstein and Perrimon, 1990). In this review,
we use the terms homeogene and HP on the basis of the exis-
tence of a homeobox or an HD (in the gene or the protein,
respectively) independent of a true homeotic function.
Owing to the strong conservation of the homeobox, the clon-
ing of Drosophila homeogenes enabled the cloning of mamma-
lian orthologs as well as the discovery of a large number of ho-
meogenes across all vertebrates (Derelle et al., 2007). It must
be emphasized that, although homeogenes were discovered
as early developmental genes that participate in establishing
body patterns, they are, in fact, active at all developmental pe-
riods as well as in the adult. Consequently, their functions and
mechanisms of action may be rather distinct in these different
contexts. In this review, we discuss a number of scenarios wherealternative roles and modes of action for HPs might be at play.
We explore the significance of the direct non-cell-autonomous
activities of several HP transcription factors, which provide novel
signaling pathways through HP secretion and internalization.
HPs and Boundary Formation
The brain neuroepithelium is compartmentalized very early in
embryonic development due to the positioning of boundaries
that segment an originally uniform layer of progenitors (Kiecker
and Lumsden, 2005). This is of physiological importance since
these compartments in the forebrain later differentiate into
cortical areas (Brodmann areas) with distinct functions (Zilles
and Amunts, 2010). Their formation often involves HPs, with
either side of a boundary characterized by the expression of
two HPs that are both self-activating and reciprocal inhibitors
(Figure 1A) (Bishop et al., 2000; Broccoli et al., 1999; Di Bonito
et al., 2013; Joyner et al., 2000; Katahira et al., 2000; Matsunaga
et al., 2000; Millet et al., 1999; O’Leary et al., 2007; O’Leary and
Sahara, 2008; Simeone, 2000; Toresson et al., 2000; Yun et al.,
2001). It is interesting that the position of some boundaries can
be shifted following modifications in the expression levels of
one of the two ‘‘abutting’’ HPs, as if each HP was in competition
to occupy as much as possible of the neuroectoderm territory.
Two classical examples of such ‘‘gene expression boundaries’’
are the midbrain-hindbrain boundary (MHB) and the boundary
between the visual (V1) cortex and the somatosensory (S1) cor-
tex. The latter case is schematized in Figure 1B, where the S1/V1
boundary is shifted by modifying the balance between Pax6 and
Emx2 (O’Leary et al., 2007).
The involvement of HPs in patterning and boundary formation
was first illustrated by Bicoid in Drosophila larva development.
Following Bicoid mutation, the anterior part of the embryo is
transformed into a posterior domain (thus, Bicoid). The function
of Bicoid is best understood in the context of the French Flag
Model (FFM), proposed in 1969 by Lewis Wolpert (Wolpert,
1969). In this model, illustrated in Figure 1C, a morphogenNeuron 85, March 4, 2015 ª2015 Elsevier Inc. 911
Figure 1. HPs and Boundary Formation
(A) Examples of boundaries defined by the expression of abutting HPs with
self-activating and reciprocal inhibitory properties.
(B) The classic example of the competitive activities of Emx2 and Pax6 in the
definition of primary somato-sensory and visual cortex areas in the developing
mouse cortex. The latter work by O’Leary et al. (2007) refers to the cell-
autonomous activity of HPs and does not consider their non-cell-autonomous
activity.
(C) The graded expression of a morphogen creates several domains within the
morphogenetic field, according to the FFM (Wolpert, 1969). Each domain is
characterized by the expression of an HP transcription factor (blue-yellow-
red), but the boundaries are initially fuzzy.
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(blue-yellow-red) corresponding to the expression of specific
genes by distinct cell populations if one introduces expression
thresholds. Figure 1C illustrates the fuzziness of gene expres-
sion at the level of boundaries and the necessity to introduce
sharpening mechanisms (discussed later). Whatever the case,
two seminal papers by Driever and Nu¨sslein-Volhard (1988a,
1988b) demonstrated that Bicoid displays a graded expression
along the anterior-posterior axis (A-P axis) of the embryo and
that modifying this expression results in a shift in the size of
the most anterior (head-thorax) pole.
Even though the FFM seems still valid in a few specific cases
(for example, the formation of compartments in the developing
neural tube where sonic hedgehog diffusion induces the expres-
sion of distinct HPs along the ventral-dorsal axis) (Dessaud et al.,
2007), the model has evolved considerably, especially given the912 Neuron 85, March 4, 2015 ª2015 Elsevier Inc.knowledge that the extracellular milieu does not allow much
diffusion (Kerszberg and Wolpert, 2007). In addition, theoretical
issues concerning boundary stability and the precision of bound-
ary positioning have to be accounted for (Houchmandzadeh
et al., 2002; Yucel and Small, 2006). In fact, these two issues
have recently been examined in the case of Bicoid, and it is
now clear that, contrary to what was initially believed, the graded
expression of Bicoid is the result of the transport of its mRNA fol-
lowed by local translation, rather than due to passive protein
diffusion (Lipshitz, 2009). Indeed, the diffusion of Bicoid protein
between neighboring nuclei is spatially restricted, and this is
what provides the robustness of boundary positioning (Gregor
et al., 2007a, 2007b).
Novel HP Functions
As is the case for many genes, homeogenes can be constantly
expressed throughout an animal’s lifespan but with evolving
functions. In the nervous system, for example, homeogenes
are first involved in its patterning and compartmentalization;
then in cell and axonmigration; and, finally, in several adult phys-
iological functions. This is well illustrated with the case of the two
HPs Engrailed-1 and Engrailed-2 (collectively, Engrailed or En1/
2) and with the case of Otx2, an HP of the Bicoid family. During
development, Engrailed-1 and Engrailed-2 brain expression
begins at the one-somite and five-somite stages, respectively
(during embryonic age (E)8), in a patch of cells in the anterior neu-
roepithelium that correspond to the MHB region, while Otx2
expression begins earlier in the epiblast ectoderm prior to
gastrulation (before E6) and is later expressed throughout the
forebrain and midbrain, stopping sharply at the MHB. Brain
expression of En1/2 and Otx2 is modified in the course of devel-
opment until adulthood, when it is limited to highly restricted
midbrain and hindbrain structures (Figure 2) (Broccoli et al.,
1999; Davis and Joyner, 1988; Simeone et al., 1993; Wurst and
Bally-Cuif, 2001). En-1, likeOtx2, is considered a developmental
gap gene since the null mutation results in the loss of mid-hind-
brain tissues, including part of the cerebellum and inferior colli-
culi (Wurst et al., 1994). Over the course of development, these
proteins are successively involved in the formation of bound-
aries, in segment polarity, and in axon guidance, yet they evolve
other functions in the adult. For example En1/2 maintains
mesencephalic dopaminergic neurons (Albe´ri et al., 2004; Al-
varez-Fischer et al., 2011; Sonnier et al., 2007), while Otx2 is
implicated in brain plasticity (Beurdeley et al., 2012; Spatazza
et al., 2013a, 2013b; Sugiyama et al., 2008).
The evolving functions of HPs and the progress in our under-
standing of these factors have led to some unexpected discov-
eries (see Figure 3 for a summary of HP structure and function).
For example, Bicoid was discovered as a patterning transcrip-
tion factor during development and later revealed itself as a
true locally diffusing morphogen that regulates not only tran-
scription but also translation (Driever and Nu¨sslein-Volhard,
1988b; Dubnau and Struhl, 1996; Rivera-Pomar et al., 1996).
It has been shown to regulate the translation of caudal mRNA
during fly development through specific binding to elements
within the 30 UTR and by forming a complex with the Drosophila
homolog of eIF4E, which binds capped mRNA (Niessing et al.,
1999; Rivera-Pomar et al., 1996). While many HPs contain a
consensus eIF4E binding site, direct interaction has been
Figure 2. Embryonic and Adult Expression of Engrailed and
Otx2 HPs
At E11.5, graded En1/2 expression irradiates from the MHB into the midbrain.
En-1 is also expressed in two lateral stripes along the hindbrain. At E15.5, En-1
expression intensifies around theMHB, while En-2 expression extends into the
cerebellum. Restricted brain expression of En1/2 continues through to the
adult in structures such as the ventral segmental area (VTA), substantia nigra
pars compacta, inferior colliculus, and the cerebellum. At E11.5, Otx2
expression is restricted to the forebrain and midbrain and stops sharply at the
MHB. At E15.5, Otx2 continues to be expressed in restricted midbrain and
forebrain structures, while patches of expression appear in the cerebellum and
hindbrain. Strong Otx2 expression is observed in the choroid plexus (labeled
with an asterisk). In the adult, Otx2 is expressed in structures such as the VTA,
lateral geniculate nucleus, superior colliculus, medial septum, cerebellum, and
choroid plexus.
Figure 3. HPs Bind to a Wide Range of Molecules
The HD contains a conserved three-helix bundle flanked by variable N- and
C-terminal domains that together form the HP. These domains make a
plethora of interactions with DNA, RNA, GAGs, and proteins. Consequently,
HPs are shown to regulate transcription, RNA processing and translation, and
DNA replication and damage response, and they are also implicated in
cell signaling. Within the second and third DNA-binding a helices are themotifs
that permit the non-conventional secretion and internalization of the HD.
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and Emx2 (Ne´de´lec et al., 2004; Topisirovic and Borden, 2005).
Contrary to Bicoid, none of these HPs are confirmed to interact
directly with mRNA. However, through interaction with eIF4E,
HPs have been shown to regulate mRNA nuclear export,
mRNA transport, and translation (for a review, see Rezsohazy,
2014). Such a cytoplasmic role of HPs takes on even more
importance given that they are among the very few proteins
shown to transfer into target cells to exert direct non-autono-
mous activities.
HP Intercellular Transfer
It is interesting to note that, aside from plants (Lucas et al., 1995;
Ruiz-Medrano et al., 2004), evidence for direct non-cell-autono-
mous activities of several HP transcription factors actually orig-
inated from serendipitous findings. In 1984, we reported that
neuronal shape and polarity were regulated through region-spe-
cific interactions between neurons and astrocytes (Denis-Donini
et al., 1984). This link between shape and position resembled
homeosis (i.e., the transformation of one organ into another)
and led us to speculate that HP transcription factors may
regulate neuronal shape. To test this hypothesis, the HD of theAntennapedia HP was scrape-loaded into neurons in culture, a
procedure that transiently disrupts the cell membrane. Since
the HD is highly conserved among HPs, we hypothesized that,
upon reaching the nucleus, the Antennapedia HD might chase
the endogenous HPs from their cognate genomic binding
sites, leading to a change in neuronal shape. This experiment
worked (Joliot et al., 1991a), but for a control, we added Anten-
napedia HD directly to the culture medium of intact neurons,
anticipating no change in neuronal phenotype. Contrary to ex-
pectations, the neurons changed shape, strongly suggesting
that we were dealing with an artifact. However, before abandon-
ing this approach, we added fluorescein isothiocyanate (FITC)-
taggedHD to intact neurons and observed, much to our surprise,
its capture by live nerve cells and its diffusion through the cyto-
plasm and into the nucleus (Le Roux et al., 1993).
The sequences responsible for internalization and secretion
of HPs lie within the HD itself (Figure 3) and, thus, are highly
conserved between all HPs (for a review, see Joliot and Pro-
chiantz, 2004). This important fact has two consequences. First,
this means that most of the 200 or so HPs are likely to be
capable of being transferred between cells, and several were
found to be internalized or to pass between cells (Amsellem
et al., 2003; Auvray et al., 2012; Chatelin et al., 1996; Di Lullo
et al., 2011; Haddad et al., 2008; Joliot and Prochiantz, 2004;
Kim et al., 2014; Lesaffre et al., 2007). Of these HPs, six were
also successfully tested in vivo (Otx2, Pax6, Engrailed-1 (En1),
Engrailed 2 (En2), Vax1 and Hoxd1) (Bardine et al., 2014; Di
Lullo et al., 2011; Kim et al., 2014; Layalle et al., 2011; Lesaffre
et al., 2007; Sugiyama et al., 2008; Wizenmann et al., 2009). The
second consequence is that, because they reside in the HD,
these sequences cannot be mutated without modifying the
DNA binding and transcriptional regulation activities of HPs.Neuron 85, March 4, 2015 ª2015 Elsevier Inc. 913
Figure 4. HPs as Local Turing’s Morphogens in the FFM
The graded expression of a morphogen creates several domains within the
morphogenetic field, according to Wolpert’s FFM (Wolpert, 1969). Each
domain is characterized by the expression of an HP transcription factor (blue-
yellow-red), but the boundaries are initially fuzzy. In this model, the further
regularity and positioning of the boundary is permitted by the local diffusion of
HPs with self-activating and reciprocal inhibitory properties, thus acting as
local Turing’s morphogens.
Figure 5. Pax6 Defines Eye Anlagen
(A) An extracellular anti-Pax6 antibody present at early developmental stages
in the zebrafish does not modify the initial Pax6 expression analyzed by ISH
(three-somite stage) but disrupts the development of the eye anlagen (15-
somite stage) (Lesaffre et al., 2007).
(B) The extracellular anti-Pax6 antibody (as in A) leads to a variety of abnormal
eye phenotypes (Lesaffre et al., 2007).
(C) A working hypothesis for the expansion of the eye anlagen includes the
requirement for Pax6 transfer between cells.
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mous HP functions challenging, requiring approaches that are
not based on the mutation of the transfer sequences. These
strategies are described later in the text, along with examples
of HP signaling functions.
Non-Cell-Autonomous Functions of HPs
Extracellular Pax6 Regulates Eye Compartment Size
Many studies on nervous system boundaries have been accom-
plished with the idea that HPs only have cell-autonomous activ-
ities. It is, indeed, possible that the same cell (close to a future
boundary) will express both HPs. In that case, beyond a certain
threshold in the difference of HP concentrations, the ‘‘winner
takes all’’ due to self-activation and reciprocal inhibition. Thus,
modifying the concentration (heterozygote or gain of function)
of one of the two HPs will modify the position of the boundary.
However, in a pure cell-autonomous context, this can only
happen in cells that co-express the two HPs or, alternatively, re-
quires the activity of morphogens (growth factors) under HP con-
trol that modify, in return, HP expression. In fact, the latter bona
fide morphogens (meaning non-HP proteins) have been pro-
posed in several models to participate in boundary stabilization
(Meinhardt and Gierer, 2000).
The non-cell-autonomous hypothesis illustrated in Figure 4 is
more parsimonious since the HPs themselves are considered
morphogens, with boundaries being formed or stabilized in
response to their diffusion, self-activation, and reciprocal inhibi-
tion, which closely corresponds to the definition of morphogens
proposed by Alan Turing (Turing, 1952). This scenario posits
that the graded expression of a morphogen creates several do-
mains within the morphogenetic field, according to Wolpert,914 Neuron 85, March 4, 2015 ª2015 Elsevier Inc.1969 FFM. Each domain is characterized by the expression of
a HP transcription factor but the boundaries are initially fuzzy,
while further regularity and positioning of the boundary is
permitted by the local diffusion of HPs that self-activate and
reciprocally inhibit their counterpart HP (Holcman et al., 2007;
Kasatkin et al., 2008).
To test whether early HP transfer can regulate the size of a
compartment, Pax6 transfer was blocked in the developing ze-
brafish. Given the limitations in mutating HP transfer sequences
without modifying the cell-autonomous activities of HPs, a strat-
egy was developed involving the expression of secreted single-
chain antibodies (scFvs) encoded by mini-genes that could
block non-cell-autonomous HP transfer functions. Thus, block-
ing was achieved by expressing an extracellular anti-Pax6
scFv through the injection of mRNA encoding the antibody
(plus signal peptide) in the egg (Lesaffre et al., 2007). Another
approach was to inject a monoclonal antibody in the intercellular
space at the blastula stage. In both cases, the size of the Pax6-
positive eye anlagen was reduced with strong phenotypes
including no eye, reduced eye size, or asymmetric eyes
(Figure 5). Thus, the non-cell-autonomous function of a HP can
Figure 6. Graded Expression of Engrailed
Guides Retinotectal Axons
(A) Axons originating from the retina within a tem-
poral-to-nasal EphA2 gradient project onto the
tectum within posterior to anterior En1/2 and
EphrinA5 gradients. Temporal retinotectal growth
cones remain within the anterior tectum, while
nasal growth cones are attracted to posterior
tectum.
(B) Ectopic expression of En1/2 within anterior
tectum results in local repulsion and attraction of
temporal and nasal growth cones, respectively
(Drescher et al., 1997; Friedman and O’Leary,
1996; Itasaki and Nakamura, 1996; Logan et al.,
1996; Shigetani et al., 1997).
(C) Local expression of secreted single-chain
antibody against En1/2 disrupts axon guidance
in vivo and results in overgrowth of temporal
growth cones that invade the posterior tectum
(Wizenmann et al., 2009).
(D) In vitro guidance assays show that En1/2 at-
tracts nasal growth cones and repels temporal
growth cones. This activity is, in part, local, as
shown by the attraction and repulsion of nasal and
temporal growth cones separated from their cell
bodies (Brunet et al., 2005).
(E) The local activity of En1/2 acts, in part, through
mTOR-dependent translation and results in
expression mitochondrial proteins. This activity
has local effects on mitochondria, cytoskeleton,
and other unidentified targets, leading to remote
effects in the nucleus. En1/2 might also undergo
retrograde transport to participate in regulating
remote nuclear activity such as transcription and
epigenetic events.
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formation.
The Axon Guidance Hypothesis
Based on the idea that HPs encode ‘‘positional information,’’
it was proposed that HP transfer could participate in axon
guidance (Prochiantz and The´odore, 1995). In Drosophila devel-
opment research, it was accepted at the time that these
transcription factors are the effectors of position-dependent
morphogenetic programs. The mechanisms involved were not
known, but it was understood that HPs must exert their activity
through the regulation of genes participating in most morphoge-
netic processes, including cell migration and axon growth. A
clear example is provided by the axon-guidance factor EphrinA5
and the regulation of its transcription along the A-P axis of the
tectum by the two HPs En-1 and En-2 (Flanagan and Vanderhae-
ghen, 1998; Logan et al., 1996). In this context, it is assumed that
EphrinA5 graded expression results from the graded expression
of En1/2, which thus plays an indirect role in axon guidance
through EphrinA5. The hypothesis of a direct non-cell-autono-
mous guidance activity of En1/2 on incoming axons was initially
set aside because the timescale of response seemed incompat-
ible with a transcriptional role for HPs: it would take too long for
internalized HPs to travel along axons to their nuclei and for the
newly synthesized information to travel back to the growth cone.NeuronThe hypothesis was revived (Prochiantz
and Joliot, 2003) when, in the early 2000s,
Holt and colleagues, building on the
observation of local mRNA translation(Brittis et al., 2002; Richter, 2001; Steward and Schuman,
2001) and on the growing evidence that mRNA translation could
take place in axons (Steward, 2002), demonstrated that the ac-
tivity of identified guidance factors such as Sema-3 and Netrin
required protein synthesis in growth cones (Campbell and Holt,
2001; Piper and Holt, 2004). At the same time, it was becoming
more evident that HPs might regulate translation through inter-
action with eukaryotic initiation factor eIF4E. These findings sug-
gested that internalized HPs could exert their action locally by
regulating protein translation and revived interest in the HP guid-
ance hypothesis as being physiologically relevant.
Engrailed Guides Axons through Local Translation
Engrailed expression is graded along the A-P axis of the tectum/
superior colliculus (Figure 6A) (Itasaki et al., 1991; Itasaki and Na-
kamura, 1992, 1996), and a gain of function by spots of high
ectopic Engrailed expression in the anterior part of the tectum re-
sults in the repulsion of temporal axons and attraction of nasal
axons (Figure 6B) (Drescher et al., 1997; Friedman and O’Leary,
1996; Itasaki and Nakamura, 1996; Logan et al., 1996; Shigetani
et al., 1997). Such an effect of En1/2 on the projection of the
retina temporal-nasal axis onto the tectum A-P axis was origi-
nally entirely attributed to the regulation of EphrinA5 synthesis
by En1/2 (Shigetani et al., 1997). Indeed, the graded expression
of EphA2 in the retina and of its EphrinA5 ligand in the tectum85, March 4, 2015 ª2015 Elsevier Inc. 915
Figure 7. Synergy Exists between EphrinA5 and En1/2 in Local
Growth Cones
(A) A consequence of EphrinA5/En1/2 synergistic activity is that En1/2
signaling does not operate in the absence of EphrinA5 (knockout), or in excess
of EphrinA5 (gain of function), but only at EphrinA5 physiological concentra-
tions.
(B) ATP signaling is driven by En1/2 through local translation and synergizes
with EphrinA5 signaling to elicit growth cone responses (Stettler et al., 2012).
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raphy (Cheng et al., 1995; Drescher et al., 1997; Lemke and Re-
ber, 2005). However, En1/2 is present in the extracellular matrix
of the tectum of the frog and the chick embryo in a graded
expression pattern, reflecting intracellular expression (Wizen-
mann et al., 2009). The in vivo expression of anti-En1/2 scFv in
the posterior tectum neutralized extracellular En1/2, leading to
an abnormal invasion of the posterior tectum by temporal axons
(Figure 6C) (Wizenmann et al., 2009).
This in vivo study was built upon previous in vitro assays that
evaluated the trajectory of frog temporal and nasal retinotectal
axons within an En2 gradient (Brunet et al., 2005). As illustrated
in Figure 6D, in the absence of any factor other than En1/2,
most nasal axons are attracted and temporal ones are repelled.
This activity was specific to En1/2 since Otx2, another internal-
izedHP, hadaslight attractive activity onboth nasal and temporal
axons (Brunet et al., 2005). With this simple model, it was shown
that HP internalization was necessary but that activity required
domains outside the HD. Indeed, guidance by En1/2 is transcrip-
tion independent and involves local translation dependent on the
mammalian target of rapamycin (mTOR) pathway (Figure 6E).
These in vitro turning assay experiments show that En1/2 guides
frog retinotectal axons in the absence of aggregated EphrinA5,
suggesting that En1/2 signaling is sufficient for guidance. How-
ever, this might be specific to the frog or due to some cis-interac-
tions between Ephrins and Eph receptors (Suetterlin et al., 2012).916 Neuron 85, March 4, 2015 ª2015 Elsevier Inc.Further studies in the chick clearly demonstrated that Engrailed
acts in cooperation with EphrinA5. In vitro experiments using the
stripe assay, which consists of growing axons on alternating
stripes of anterior and posterior tectal membranes (Walter et al.,
1987), showed that the repulsionof temporal retinal axonsbypos-
terior membranes was dependent on En1/2 activity (Wizenmann
et al., 2009). The same stripe assay had been used to identify
EphrinA5 as a repulsive cue (Ciossek et al., 1998), raising the pos-
sibility of a physiological interaction between the two signaling
pathways. Indeed, while EphrinA5-induced collapse of temporal
chick growth cones was only observed at high EphrinA5 con-
centrations, collapse at sub-threshold EphrinA5 concentrations
was restored by the addition of En2 (Wizenmann et al., 2009).
These findings strongly suggest that En1/2 is only necessary
at low EphrinA5 concentrations in the range of actual in vivo con-
centrations. It is fair to say that physiological morphogen
concentrations are unknown and that all results found in the liter-
ature and obtained in vitromay be non-physiological in the sense
that they may involve non-physiological EphrinA5 concentra-
tions. This reasoning leads us to propose the model of
Figure 7A, where En1/2 is useless in the absence of EphrinA5,
such as in a knockout experiment, or at high non-physiological
EphrinA5 concentrations typically used in vitro. However at
physiological concentrations, En1/2 signaling would become
absolutely necessary.
To better understand the interaction between the two sig-
naling pathways, the mechanisms underlying En1/2 local activity
need to be clarified. A recent search for local translational targets
upon En1/2 addition to growth cones found an extremely sur-
prising 60% of targets consisting of nuclear-encoded mitochon-
drial proteins; in particular, proteins that, like Ndufs1 andNdufs3,
are part of mitochondrial complex I (Stettler et al., 2012). It was
subsequently shown that growth cones synthesize and secrete
ATP less than 100 s following En1/2 addition. Extracellular ATP
is degraded into adenosine, which activates AR1 receptors in
synergy with EphrinA5 signaling; an AR1 agonist can fully
replace En1/2, whereas an AR1 antagonist annihilates local
En1/2 activity (Figure 7B) (Stettler et al., 2012).
A consequence of this ‘‘interaction model’’ is that HP signaling
does not work alone but requires physiological, though not neces-
sarily physical, interactions with bona fide signaling molecules.
This is further illustrated by experiments in the fly wing disk
showing that Engrailed and Decapentaplegic (DPP) interact in
the formation of the anterior crossvein (ACV) (Layalle et al.,
2011). Genetic interaction between Engrailed and DPP had been
demonstrated by the absence of ACV formation in a double En/
DPP hypomorph but not in a DPP or En hypomorph (Blair, 2007).
Impeding Engrailed after secretion by the Patched-expressing re-
gion of the wing disk also led to disrupted ACV formation. Further-
more, quantification of Mother Against DPP (MAD) phosphoryla-
tion showed that DPP transduction in vivo requires Engrailed
signaling. Given that Engrailed cooperates with Ephrin signaling
in the tectumandwithDPPsignaling in theflywingdisk, it isevident
that the same HPmay have distinct partners in different systems.
Non-Autonomous Vax1, Pax6, and Hox Proteins in
Development
Engrailed has an effect on axon guidance but does not seem to
modify axon growth (Brunet et al., 2005). This is in contrast with
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hypothalamic area (vHT) (Hallonet et al., 1998, 1999) shown to
stimulate the growth of retinal axons. Kim and colleagues (Kim
et al., 2014) have demonstrated that Vax1 is secreted by cells
from the vHT at the level of the optic chiasma and transferred
into retinal ganglion cells. A series of in vivo and in vitro exper-
iments strongly suggest that the stimulation of axon elongation
requires the internalization of Vax1 and local protein translation.
Moreover, internalization is enhanced by the specific binding of
this HP to heparan sulfates, giving weight to the idea of a sugar
code for HP recognition (discussed later). Another point in com-
mon with Engrailed, in addition to the regulation of local trans-
lation, is a possible interaction with bona fide signaling. Indeed,
based on the suggestion that Slit has a repulsive function for
retinal axons (Bertuzzi et al., 1999), Kim et al. have shown that
neutralizing Slit with soluble Robo (Robo-Fc) cooperates with
Vax1 to stimulate axon growth in the vHT area.
Another example of a direct non-cell-autonomous HP activity
is the role of Pax6 on the migration of oligodendrocyte precur-
sor cells (OPCs) (Di Lullo et al., 2011). In the chick ventral neural
tube at E.4, OPCs (expressing Olig2) were found to migrate in
the close vicinity of Pax6-expressing cells and, similar to
Engrailed in the tectum, 5% of Pax6 is in the extracellular
milieu. In vivo electroporation of a plasmid encoding Pax6
with an added signal peptide for secretion (to avoid an
increased intracellular cell-autonomous concentration) resulted
in enhanced OPC dispersal, while extracellular expression of an
anti-Pax6 scFv (Lesaffre et al., 2007) decreased cell dispersal.
In addition, in vitro flat-mount preparations treated with anti-
bodies and HPs confirmed Pax6 influence on OPC migration
and showed that it requires both Pax6 internalization and the
presence of Netrin. This latter point provides another example
of a physiological interaction between classical and HP sig-
naling pathways.
Early patterning along the A-P axis of developing vertebrates
involves interactions between the Spemann organizer (SO) and
surrounding tissues during gastrulation. The precise expression
of Hox HPs within the mesoderm plays a role in body plan orga-
nization, while signaling from SO and non-organizing mesoderm
copies this positional information to surrounding ectoderm (Ruiz
i Altaba, 1993). Durston and colleagues recently showed that
non-cell-autonomous signaling of Hox proteins is responsible
for inducing their own expression in neurectoderm (Bardine
et al., 2014). They demonstrated that Hoxd1 is transferred from
mesoderm to neuroectoderm and that misexpression of several
Hox genes in the mesoderm leads to similar misexpression in
the neuroectoderm. These findings once again show how inter-
cellular transfer is likely a primitive mechanism, which allows
simple and direct sharing of information between tissues in this
context.
A Role for Non-Autonomous Engrailed Signaling in the
Stabilization of Axon Terminals
Recent work by Holt and colleagues on frog tadpole brain takes
advantage of En1 internalization properties (Yoon et al., 2012). In
a search for mRNAs translated in retinal ganglion cell (RGC)
growth cones following En1 internalization, these authors devel-
oped a non-canonical amino acid tagging strategy associating
the use of amino acid analogs with two-dimensional gel electro-phoresis and mass spectrometry. Among several targets of En1,
the most robust was LaminB2, a very unexpected result since
lamins belong to a class of intermediate filaments present on
the internal side of the nuclear envelope and in direct contact
with the heterochromatin (Burke and Stewart, 2013). It came
as a surprise that a nuclear protein could be locally translated
in nerve terminals, meaning that its mRNA is specifically trans-
ported into the axon (and also into dendrites, as shown by
in situ hybridization on frog eyes). Locally translated LaminB2
is targeted to mitochondria and, when downregulated with mor-
pholinos, mitochondrial morphology and membrane potential
are modified, which is a likely cause of the axon degeneration
observed in stage 45 morpholino-treated frogs. Given that En1
is not made by RGCs but in the target area where it is present
in the extracellular matrix (Wizenmann et al., 2009), it is tempting
to speculate that En1 trans-synaptic transport stabilizes RGC
terminals within their target territory.
The aforementioned observations raise the question of
whether HP signaling is involved in the well-established phe-
nomenon of adult local translation, in particular, at post-synaptic
sites. Several groups have focused their attention on the trans-
port of mRNAs into dendrites and the physiological importance
of local translation (Darnell and Richter, 2012; Holt and Schu-
man, 2013; Richter and Klann, 2009; Tom Dieck et al., 2014).
We speculate that HP transfer at the synapse may participate
in the regulation of local translation. If so, it would mean that
the post-synaptic side of the synapse would receive information
brought by HPs, in particular, information concerning the origin
of the firing axon. For example, it would not only receive a hyper-
polarizing or a depolarization signal but would also know the
origin of the firing axons making it possible to respond differently
to axons liberating the same mediator but coming from distinct
brain nuclei. In support of this hypothesis, one must consider
that most HPs are expressed in the adult, have the sequences
necessary for intercellular transport, and may also have a
sequence allowing their direct binding to eIF4E, as previously
mentioned (Figures 2 and 3). It will, indeed, be paramount to
know which locally distributed mRNAs are translated upon HP
internalization and how they can participate in the physiological
response. An exciting possibility is the implication of local pro-
duction of ATP and liberation of Ca2+ to serve local cellular and
molecular events, such as vesicle fusion, endocytosis, cytoskel-
eton modification, or protein phosphorylation. Indeed, adult
synaptoneurosomes (vesicles derived from adult dendrites)
prepared from the ventral midbrain contain mRNAs encoding
mitochondrial mRNAs that, in growth cones, are activated
upon internalization of En1/2, leading to a local, rapid, and tran-
sient synthesis of ATP (Stettler et al., 2012).
Otx2 Function in Cerebral Cortex Plasticity
Another HP for which postnatal and adult functions have been
defined is Otx2, which regulates critical periods of plasticity in
the cerebral cortex. In its postnatal development, the cerebral
cortex has to adapt to the environment through a learning pro-
cess that is most efficient during restricted periods of time called
critical periods (CPs) (Hensch, 2004). CPs vary in time and dura-
tion across the cerebral cortex, in relation to the local cortical
functions. Since the pioneering studies by Wiesel and Hubel
(1965), the learning of binocular vision in mammals has servedNeuron 85, March 4, 2015 ª2015 Elsevier Inc. 917
Figure 8. The Association between Otx2 and Proteoglycans Results
in Cell-Specific Accumulation
(A) Otx2 is attracted to FSPV cells through high-affinity interactions with CS-
proteoglycans in the PNNs that ensheath these cells (Beurdeley et al., 2012).
As PSA is required for infused recombinant Otx2 to diffuse within the paren-
chyme, we hypothesized that endogenous Otx2 associates with low-affinity
sugars (heparin sulfate (HS) or HS-proteoglycans) upon secretion from the
choroid plexus into the cerebrospinal fluid (CSF). This association could help
stabilize Otx2 in the CSF and might facilitate its diffusion in the parenchyme
and its specific capture by cells expressing complex sugars with very high
Otx2 affinity.
(B) Alignment of a subset of HPs that contains an RK-, RR-, KR-, or KK-doublet
within a GAG-binding motif just upstream of the HD. This motif is implicated in
the specificity of Otx2 for the PNNs of FSPV cells and may help establish a
sugar code for HP internalization specificity in vivo.
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after the closure of CP for binocular vision has little consequence
on the visual acuity of the deprived eye, whereas closing the eye
during CP leads to amblyopia. This loss of visual acuity is mostly
cortical and corresponds to the retraction of thalamic terminals
corresponding to the deprived eye and the spreading of the ter-
minals corresponding to the active eye. Thus, it is a morpholog-
ical event that parallels a physiological modification. Strikingly,
this period of plasticity seems to be triggered by a shift in the
excitatory/inhibitory balance associated with the maturation of
a specific class of fast-spiking GABAergic inhibitory neurons
that synthesize parvalbumin (hereinafter, FSPV cells) and are
localized in layers III/IV of the cerebral cortex, in particular (but
not only), the visual cortex (Fagiolini et al., 2004; Fagiolini and
Hensch, 2000; Hensch, 2005).918 Neuron 85, March 4, 2015 ª2015 Elsevier Inc.CP opening in rodents is triggered shortly after the first visual
experience, when the eyes open, and is paralleled by FSPV-cell
maturation with the enhanced expression of several proteins,
including parvalbumin, and the assembly of a complex extracel-
lular matrix structure, the perineuronal nets (PNNs) identified by
Camillo Golgi 100 years ago (Celio et al., 1998). Keeping mice in
the dark retards FSPV-cell maturation, strongly suggesting that it
involves an activity-dependent phenomenon. In the course of
CP, Otx2 HP also accumulates inside FSPV cells. As this in-
crease does not take place in the dark, it must also be activity
dependent (Sugiyama et al., 2008). Intriguingly, Otx2 is not ex-
pressed by FSPV cells but imported from one or several external
sources, and in dark-reared animals or before CP normal open-
ing (postnatal day (P)16), the infusion of Otx2 protein in the cortex
leads to its specific capture by FSPV cells and to their maturation
(Sugiyama et al., 2008). Therefore, it was proposed that, in the
mouse, Otx2 accumulation by FSPV cells is necessary and suf-
ficient for binocular CP opening at P20 and closure at P40.
This finding raised a large number of questions, most of
which are still unresolved. Only two of them will be discussed
in depth: (1) the reason why Otx2 is primarily captured by
FSPV cells and (2) the anatomical source of Otx2. Otx2 capture
primarily by FSPV cells was very surprising, given that HPs
in vitro are internalized indiscriminately by all cell types. In fact,
to prevent their immediate capture by cells surrounding the
site of infusion, HPs are pre-incubated with polysialic acid
(PSA), a sugar that shows low affinity for HP DNA-binding sites
(Joliot et al., 1991b). This allows HP diffusion so that internaliza-
tion only takes place when HPs meet with a ‘‘binding moiety’’ of
higher affinity (Figure 8A). The presence of complex sugars in
FSPV-cell-associated PNNs evokes the possibility that glycos-
aminoglycans (GAGs) might act as specific binding sites for
Otx2. This was confirmed by the identification of a GAG-binding
domain (RKQRRERTTFTRAQL, thus, RK-peptide) within Otx2,
immediately upstream of its HD (Beurdeley et al., 2012). This
motif has a high affinity for chondroitin sulfates D and E (CS-D
and CS-E, respectively), which have sulfates in disaccharide
unit positions 2 and 4 or in 2 and 6, respectively. This finding
has been strengthened by Kitagawa and colleagues, who
showed that when the cortical 4-sulfation/6-sulfation ratio is
modified in vivo, Otx2 accumulation by FSPV cells is perturbed
(Miyata et al., 2012).
The GAG-binding motif in Otx2 appears to impart high speci-
ficity: mutating the RKdoublet compromised specificOtx2 accu-
mulation in FSPV cells (Beurdeley et al., 2012). It is interesting
that, when En-2, which also contains potential GAG-binding se-
quences, was infused in the cortex, it did not show any speci-
ficity for FSPV cells. This observation raises the possibility of a
sugar code for HP recognition (Figure 8B). In view of the role of
En1/2 in growth cone decisions (Brunet et al., 2007), the demon-
stration that complex sugars are involved in guidance (Holt and
Dickson, 2005; Irie et al., 2002; Kim et al., 2014; Poulain and
Chien, 2013; Silver and Silver, 2014) deserves to be revisited
from the perspective of En1/2 capture.
A fundamental issue concerns the source of cortical non-
cell-autonomous Otx2. An obvious source is the eye itself.
Otx2 is expressed by bipolar cells and can pass to RGCs
(Sugiyama et al., 2008). Antagonizing this passage prevents
Figure 9. A Two-Threshold Model for Otx2
in Critical Period Timing
Otx2 accumulates in FSPV cells after eye opening
in the mouse and opens a critical period of
heightened plasticity once a first concentration
threshold is reached. Continued accumulation
leads to a second threshold, after which the critical
period closes. Several molecules, such as growth
factors and receptors, and events, such as excit-
atory-inhibitory balance and epigenetics, work in
concert with Otx2 to ‘‘turn’’ plasticity either on or
off. During the critical period, changes in extra-
cellular matrix and cell homeostasis provide a
permissive state for the remodeling of connectiv-
ity. Afterward and throughout adulthood, Otx2
continues to bathe the cortex and maintains the
cortical network in a mature, non-plastic state. By
reducing Otx2 accumulation in FSPV cells to levels
below the second threshold in the adult, cortical
plasticity is induced and opens the possibility of
new adult therapies.
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important (Sugiyama et al., 2008). However, this effect could
be due to compromised intra-retinal local activity and does
not demonstrate that the source of cortical Otx2 is the retina.
In favor of a retinal source is the fact that recombinant
Otx2 injected in the eye reaches FSPV cells in the cortex (Su-
giyama et al., 2008). The protein is, thus, able to make the
journey from the retina through the dorsal lateral geniculate
nucleus (dLGN) to the cortex, crossing several synapses
along the way. Although this may be the case, a more general
Otx2 source was sought, given the fact that Otx2 is present
in FSPV cells outside of the visual cortex (discussed later).
The choroid plexus was, thus, considered as a putative
Otx2 source for the entire cortex. Indeed, Otx2 is expressed
by this structure early in development and throughout
adulthood (Johansson et al., 2013). In agreement with this hy-
pothesis, deletion of Otx2, specifically in the adult choroid
plexus, decreased the amount of protein detected in FSPV
cells (Spatazza et al., 2013b), with important physiological
consequences.
A Two-Threshold Model for Cerebral Cortex Plasticity
On the face of it, there is an apparent contradiction in that Otx2
arrival opens plasticity at P20 yet also closes it by P40. Since the
amount of Otx2 in the cells increases between P20 and P40 and
then remains stable (Spatazza et al., 2013b), the most parsimo-
nious explanation is the existence of two thresholds, one to open
and one to close plasticity (Figure 9). Indeed, cortical infusion of
Otx2 in pre-critical period mice results in the anticipation of both
the opening and closing (by P30) of their ocular dominance crit-
ical period. Notably, crossing the second threshold in the reverse
direction (in the adult) by blocking Otx2 internalization with theNeuronRK-peptide or by downregulating Otx2
synthesis in the choroid plexus gives ac-
cess to the ‘‘plastic zone.’’ An 80%down-
regulation of Otx2 synthesis in the
choroid plexus led to decrease in FSPV-
cell Otx2 content, to decreased PV
expression and PNN assembly, and to
the reopening of plasticity (Spatazzaet al., 2013b). This two-threshold model (Spatazza et al.,
2013b) can be seen as a temporal version of the FFM (Wolpert,
1969). It reinforces the idea that Otx2, and probably other HPs,
can act as a morphogen in the course of development and,
possibly, in the adult.
It is also noteworthy that Otx2 is imported into FSPV cells
throughout the cortex and not just in the visual cortex (Spatazza
et al., 2013b). This is consistent with the choroid plexus being a
general source and suggests that Otx2 might be a general regu-
lator of CP opening and closure in other cortical areas. The idea
is appealing but seemingly at odds with the fact that CPs are not
synchronous throughout the cerebral cortex. A possible expla-
nation is that, although present in the extracellular space
throughout the cortex, Otx2 is only internalized after activity-
dependent PNN assembly; thus, the expression of Otx2-binding
sites at the surface of FSPV cells. This hypothesis is supported
by the fact that, in the absence of visual input (dark-reared
mice), FSPV cells do not mature and do not accumulate Otx2
(Sugiyama et al., 2008). The infusion of high amounts of Otx2
in the visual cerebral cortex before CP opening accelerates
FSPV-cell maturation (Sugiyama et al., 2008), possibly because
the initial and ‘‘premature’’ Otx2 internalization promotes PNN
assembly by FSPV cells and initiates PNN-dependent Otx2 up-
take. If so, Otx2-dependent CP would open in response to the
first stimulation of the system in question (auditory, visual,
etc.), and the first and second thresholds would be specific to
each system.
The latter model suggests that, while Otx2 signaling would
open and close CPs at different times in different regions
of the cerebral cortex, at adult stages, it would maintain a non-
plastic state in all regions. This aspect is of interest in the field85, March 4, 2015 ª2015 Elsevier Inc. 919
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schizophrenia. Indeed, several studies suggest that they may
be related to a CP taking place in the dorso-lateral prefrontal cor-
tex during adolescence and are also marked by adult cognitive
dysfunctions (Uhlhaas et al., 2009a, 2009b, 2010; Uhlhaas and
Singer, 2010, 2012). This hypothesis is also supported by
many studies showing an association between schizophrenia
and FSPV-cell physiology (Curley et al., 2011, 2013; Curley and
Lewis, 2012; Hashimoto et al., 2003; Insel, 2010; Lewis et al.,
2005, 2012).
Therapeutic Potentials of HPs
Although cerebral cortex plasticity is verymuch reduced after CP
closure, some plasticity remains, suggesting that it could be
enhanced in the adult. This might be of interest when considering
novel therapeutic approaches for neurodevelopmental diseases
and from a physiopathological perspective, in particular, after
events such as stroke that may benefit from reactivation of plas-
ticity. In fact, several studies have been devoted to these ques-
tions, and a variety of strategies to reopen plasticity in the adult
have been proposed (Fawcett, 2009; Levelt and Hu¨bener, 2012;
Spolidoro et al., 2009). This diversity probably indicates that
there are several ways to modify the excitatory/inhibitory bal-
ance in the adult. However, the work by Pizzorusso and col-
leagues showing that degrading the GAGs within PNNs reopens
plasticity in the adult rat (Pizzorusso et al., 2002) seems particu-
larly relevant in the context of this review. The infusion of the CS-
D/CS-E-binding RK-peptide into visual cortex competes for
endogenous Otx2 capture by FSPV cells, leading to a decrease
in both parvalbumin expression and PNN assembly in the
adult mouse (Beurdeley et al., 2012). Most important, RK-pep-
tide infusion reopens plasticity, allowing one to install amblyopia
in the adult or, even more strikingly, to cure adult mice rendered
amblyopic through monocular deprivation during CP. Although
the direct degradation of GAGs within PNNs, as performed by
Pizzorusso and colleagues, may act through more than one
mechanism, it is tempting to propose that the decrease in Otx2
uptake observed following GAG hydrolysis (Beurdeley et al.,
2012) participates in the reopening of plasticity.
The RK-peptide study suggested that plasticity is a default
state of the system and that the permanent capture of Otx2
maintains the system in a non-plastic state. This was readily
confirmed by experiments in whichOtx2was specifically deleted
in the adult choroid plexus (Spatazza et al., 2013b). It was shown
that not only did Otx2 recombination in the choroid plexus allow
one to install amblyopia in the adult, but it was also able to cure
amblyopic adult mice. From the point of view of therapeutic stra-
tegies, it is of note that the choroid plexus is easily accessible
from the circulatory system. As a proof of principle, Otx2 con-
centration could be modified by a temporally reversible strategy;
anti-Otx2 morpholinos were injected in the venous circulation,
leading to a rapid decrease in the amount of Otx2 present in
the choroid plexus (Spatazza et al., 2013b).
A rescuing role of HPs and their putative use as therapeutic
proteins, thanks to their transduction domain, is further sup-
ported by the demonstration that exogenous Otx2, a HP ex-
pressed in adult bipolar cells in the retina from where it trans-
ported to RGCs (Sugiyama et al., 2008), protects neurons in a
mouse model of glaucoma (Torero Ibad et al., 2011). RGCs,920 Neuron 85, March 4, 2015 ª2015 Elsevier Inc.the projection neurons from eye to brain, degenerate in glau-
coma, the main cause of blindness in the human. Since it was
shown that Otx2 is transported from bipolar cells to RGCs in
the retina and based on the studies described for mDA neurons,
it was speculated that this HP might protect RGCs from degen-
eration. In absence of good rodent models for glaucoma, two
models were developed, one in vitro and another one in vivo.
The in vitro model consisted of dissociating adult retina and
quantifying the death of the cells either in mixed cultures (mouse)
or purified RGC cultures (rat). In both cases, the addition of Otx2
increased the number of surviving RGCs by 3- to 4-fold. The
in vivo model was based on insult by injection of NMDA and it
was shown that injection of recombinant Otx2 protein internal-
ized in RGC saves 100% of the cells and preserves visual acuity.
Although the two models are not true glaucoma models, these
experiments suggest that Otx2 has a protective effect against
RGC degeneration.
It is noteworthy that Engrailed in the adult is expressed by the
granule cells (En-2) of the cerebellum and by the mesencephalic
dopaminergic (mDA) neurons (En1/2) in the ventral midbrain
(Eells, 2003; Simon et al., 2001). En-2 function in the adult cere-
bellum is not known, although several reports have associated
mutations in EN2 with autistic syndromes (Brielmaier et al.,
2012; Choi et al., 2012; Gourion et al., 2004). More data are avail-
able on the function of En-1 in adult mDA neurons. Mice hetero-
zygous for En1 progressively lose their mDA neurons through
retrograde degeneration, leading to motor and non-motor de-
fects, reflecting several aspects of the human disease (Albe´ri
et al., 2004; Nordstro¨m et al., 2015; Sonnier et al., 2007). The
in vivo internalization of recombinant En1/2 by mDA neurons
blocks their degeneration in the mutant and increases the
amount of dopamine per neuron. Notably, En1 infused in the
midbrain also protected mDA neurons against the toxicity of
A30P alpha-synuclein, MPTP, and 6-OHDA (Alvarez-Fischer
et al., 2011).
The mechanism(s) of action of En-1 is (are) complex but pre-
sumably involve the specific translation of nuclear mRNAs en-
coding mitochondrial proteins, including Ndufs1 and Ndufs3, in
a manner similar to what was found in RGC growth cones. The
levels of the two proteins are reduced in mDA neurons of adult
En-1 heterozygote mice, while the rescuing activity of En1/2 is
lost when Ndufs1 translation is inhibited using specific siRNAs
(Alvarez-Fischer et al., 2011). This is interesting in view of the
many studies that converge toward mitochondrial complex I as
a Parkinson disease ‘‘hub.’’ However, the most intriguing aspect
of this observation is the parallel it makes with axon guidance
(Stettler et al., 2012) and maintenance (Yoon et al., 2012) and
the regulation of mitochondrial protein synthesis by En-1. It is
not known whether this finding can be generalized, but, as
mentioned earlier, it is of note that most HPs have both transfer
sequences and different protein interaction sequences outside
of the HP (Figure 3).
With these examples involving Otx2 and En-1, it is tempting to
consider HPs in general as putative therapeutic proteins. Indeed,
the internalization sequence, also called ‘‘Penetratin,’’ has
already been used as a peptide vector for the internalization of
several hydrophilic compounds with pharmacological activities
(Bechara and Sagan, 2013; Cleal et al., 2013; Joliot and
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HPs is more of a challenge but has also been considered outside
of the nervous system. For example, it was shown that exoge-
nous HOXB4 and HOXC4 could be used to amplify hematopoiet-
ic stem cells in vitro (Auvray et al., 2012; Haddad et al., 2007,
2008). Furthermore, HPs have diagnostic potential, as several
groups have recently proposed to use HPs detected in the
body fluids as markers of cancer aggressiveness and to develop
potential therapeutic tools based on HP role in cell transforma-
tion (Bell et al., 2012; Beltran et al., 2014; Javed and Langley,
2014; McGrath et al., 2013a, 2013b; Morgan et al., 2011).
Perspectives
HPs are expressed in all eukaryotes, not just multicellular organ-
isms but also in unicellular systems such as yeast or unicellular
green algae (Derelle et al., 2007). The signaling functions of
HPs were established in plants well before the hypothesis for
such a role was raised for animals. The case of Knotted-1
(KN1) in maize and Arabidopsis has been particularly well stud-
ied. It was shown, as in animals, that the HD of KN1 is necessary
and sufficient for intercellular transport (Kim et al., 2005; Lucas
et al., 1995). Notably, intercellular diffusion of proteins (including
HPs) in plants, is simplified in comparison with animals, by the
existence of intercellular channels called plasmodesmata, which
are necessary to mediate cell-to-cell communication despite the
presence of cellulose walls. As HP existence precedes the sep-
aration between metaphytes and metazoans and because the
HD is necessary and sufficient for intercellular transport in the
two ‘‘kingdoms,’’ Joliot and colleagues looked at the transport
of KN1 HD between animal cells (Tassetto et al., 2005). Not
only did they demonstrate such transport, but they also verified
that a mutation that blocks transport in plants also blocks it be-
tween animal cells and that a rescue mutant, transported be-
tween cells in plants, is also transferred in the animal model.
These important findings strongly suggested that HP signaling
shares common characteristics in plants and animals that must
have preceded the separation of plant and animal kingdoms
and may, thus, have been present even in the first multicellular
organisms.
The latter reasoning raises a large number of unresolved is-
sues. The first issue is the generality of the phenomenon. Most
data obtained in vivo only concern a handful of HPs (Otx2,
En1/2, Pax6, Hoxd1, and Vax1). Due to the conservation of the
internalization and secretion sequences, it is possible that
most HPs can travel between cells, although this remains to be
proven in vitro and in vivo; even so, each casemay have different
underlying functions yet to be understood. The second important
issue is the physiological interaction with classical signaling
pathways. Based on the few examples described earlier, we
have proposed that HP and bona fide signaling interact. The
same protein, as shown for Engrailed, might interact with a vari-
ety of signaling pathways, depending on the species, organ, and
developmental period. It is also possible that the scope of
various interactions is limited for a given HP. Regardless, it will
be important to search for such interactions with each HP in
different paradigms. In the same context, it might be of interest
to verify whether ATP synthesis regulation is specific for
Engrailed or is also valid for other HPs. This is, indeed, of partic-ular interest for the nervous system, which has high metabolic
demand. In the context of signaling and receptors, one must
consider the possibility of direct HP receptors or binding sites
expressed at the surface of specific cell types. Otx2 recognizes
PNN sugars through a short GAG-binding domain, and many
HPs have similar GAG-binding sequences (Figure 8B). However,
this does not mean that they share the same cellular specificity.
For example, Engrailed infused in the cerebral cortex is not spe-
cifically captured by FSPV cells and behaves in a manner similar
to that of mutated Otx2. This raises the hypothesis of a sugar
code for HP recognition and internalization, a program of
research per se.
Finally, and possibly not exhaustively, the issue of identifying
direct HP targets must be tackled. One remark is that cell-auton-
omous and non-cell-autonomous targets do not necessarily fully
overlap, owing to post-translational modifications and differing
cellular compartments. Furthermore, these targets are likely
to include several classes of macromolecules. As mentioned
earlier, some HPs regulate not only gene transcription but also
mRNA translation. Non-cell-autonomous translation can take
place not only in the cell body but also in dendrites and in
growing axons. Thus, HP transduction might be of physiological
value when considering the regulation of local translation at the
level of the synapse. Another remark pertains to epigenetics. It
is fair to say that epigenetic changes following HP internalization
have not been formally demonstrated. However, the report that
internalized Engrailed provokes the translation of LaminB2 in
the frog tadpole alludes to this direction (Yoon et al., 2012). While
a local and mitochondrial effect is demonstrated for LaminB2, it
cannot be forgotten that this protein is typically nuclear and im-
pacts on the structure of the heterochromatin and, thus, on
global gene regulation, development, and aging (Burke and
Stewart, 2013; Coffinier et al., 2010; O’Sullivan and Karlseder,
2012). There may also be a correlation between the requirement
of Otx2 for the opening at P20 of a critical period for binocular
vision and the fact that epigenetic changes are required for this
transition (Fagiolini et al., 2009; Medini and Pizzorusso, 2008;
Putignano et al., 2007).
All in all, there is growing effort to associate identified functions
with HP transduction. However, there is much work ahead to un-
derstand the molecular and cellular mechanisms permitting HP
transfer and to decipher the complete array of physiological
functions regulated by these novel signaling pathways from the
embryo through to adulthood.
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